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Abstract  Öz 

Clay soils that have not been exposed to saltwater can come into contact 
with brine due to saltwater flooding, sewage intrusion, or similar events. 
Additional settlements can occur in clays that subsequently interact 
with brine, driven by the osmotic effect. To investigate this, a series of 
odometer experiments were conducted on two natural clay samples: 
one with low plasticity (CL) and one with high plasticity (CH). The low-
plasticity samples predominantly contained minerals from the kaolin 
group, while the high-plasticity samples were rich in minerals from the 
smectite group. The samples, prepared with distilled water, were 
exposed to brine solutions of varying concentrations (0.1M, 0.25M, 1M, 
and 2M NaCl and CaCl2) under specific consolidation pressures (12.5 
kPa, 50 kPa, and 200 kPa), simulating osmotically compressed soils. 
Structural and fabric alterations were examined using SEM images and 
EDX data collected from the tested samples. It was observed that 
mechanical forces were the primary factor in the compression of low-
plasticity clay, which exhibited minimal fabric changes under the 
influence of salt. Consequently, osmotic-induced compression and fabric 
alterations were negligible. For the high-plasticity samples (with high 
smectite content), the highest osmotic compression was recorded at 50 
kPa. These findings highlight the importance of balancing structural 
stress caused by external loads with osmotic forces. 

 Kil türü zeminler, tuzlu su taşkınları, kanalizasyon sızıntısı vb. nedeniyle 
tuzlu su ile temas edebilir. Daha sonra tuzlu su ile etkileşime giren 
killerde ozmotik etkiyle  ilave oturmalar meydana gelebilir. Bu amaçla 
biri düşük plastisiteli (CL) ve diğeri yüksek plastisiteli (CH) olmak üzere 
iki doğal kil numunesi üzerinde bir dizi ödometre deneyi yapıldı. Düşük 
plastisiteli numuneler yüksek kaolin grubu mineral içeriğine sahipken, 
yüksek plastisiteli numuneler yüksek smektit grubu mineral içeriğine 
sahiptir. Saf su ile hazırlanan ve belirli konsolidasyon basınçlarına 
kadar (12.5kPa, 50kPa ve 200kPa) yüklenen numuneler tuzlu su 
çözeltilerine (0.1M, 0.25M, 1M ve 2M NaCl ve CaCl2 çözeltileri) maruz 
bırakılmış ve yük altında ozmotik sıkışma davranışları incelenmiştir. 
Deneyler tamamlanan numunelerden elde edilen SEM görüntüleri ve 
EDX verileri kullanılarak yapısal ve dokusal değişiklikler incelenmeye 
çalışılmıştır. Dokusu tuzun etkisiyle değişikliğe uğramayan düşük 
plastisiteli kilin sıkıştırılmasında mekanik kuvvetlerin baskın olduğu 
gözlemlenmiştir. Bu nedenle ozmotik kaynaklı sıkışma ve doku 
değişiklikleri ihmal edilebilecek seviyelerde gözlenmiştir. Yüksek 
plastisiteli numunede (yüksek smektit içeriği) en yüksek ozmotik 
sıkışmanın 50 kPa'da meydana geldiği gözlenmiştir. Bu nedenle dış 
yüklerin ve ozmotik kuvvetlerin neden olduğu yapısal yük dengesinin 
önemli olduğunu ortaya konmuştur. 

Anahtar kelimeler: Clay–chemical interaction, time-dependent 
deformation, osmotic compression, physicochemical effect, SEM, 
microstructure 

 Keywords: Kil-kimyasal etkileşimi, zamana bağlı deformasyon, 
osmotik sıkışma, fizikokimyasal etki, SEM, mikro-yapı. 

1 Introduction 

Tsunamis have posed a threat to coastal settlements 
throughout history, and today, our coasts remain vulnerable to 
this natural hazard [1], [2], [3], [4], [5], [6]. As a natural 
consequence of tsunamis, seawater flooding occurs, leading to 
an expected increase in the salinity of soil pore water in affected 
areas. The Mediterranean Sea, one of the saltiest seas in the 
world, has an average salinity (NaCl) of approximately 3.5% 
(~0.6M) [7].  

Seafloor clays are formed in a saturated state with pore water 
containing a significantly higher salt concentration. Similarly, 
marine clays are still forming above sea level today under 
comparable conditions. To study the properties of these clays, 
it is essential to use highly concentrated saline solutions[8].  

The interaction between clay minerals and pore water of 
varying chemical composition significantly affects their 
physical behavior [9], [10], [11], [12], [13], [14], [15], [16]. For 
example, the performance of clay liners in landfills may 
deteriorate when exposed to chemical waste [10], [17], [18], 
[19], [20]. Similarly, chemical leakage beneath industrial 
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foundations can trigger uncontrolled settlements [21], [22]. 
High NaCl concentrations in clayey slopes may also alter slope 
stability [23], [24]. These interactions affect key geotechnical 
parameters such as hydraulic conductivity, swelling, water 
retention, shear strength, and compressibility [10], [12], [13], 
[15], [17].  

Much of the research on the chemical interactions of clays 
focuses on soils that have already been exposed to chemical 
contaminants. In practice, however, such interactions often 
occur in events like wastewater leakage or seawater flooding. 
These scenarios involve a gradual process for the clay to fully 
interact with the contaminant, making it time-consuming. 
During this interaction, osmotic compression is expected to 
occur. 

Osmotic compression has been widely studied, particularly 
regarding the interparticle force balance in clays [15], [25], 
[26], [27], [28], [29], [30], [31]. In addition to chemical effects, 
clays are also influenced by external loads such as geostatic and 
structural pressures. Therefore, analyzing settlements requires 
consideration of both osmotic and mechanical influences.  
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To investigate the role of osmotic compression under 
mechanical loading, two natural clays with contrasting 
plasticity—CL (low-plasticity, kaolinite-rich) and CH (high-
plasticity, smectite-rich)—were subjected to varying levels of 
effective stress. The samples were exposed to saline solutions 
containing either monovalent (Na⁺) or divalent (Ca²⁺) cations 
to evaluate how plasticity, salt concentration, and cation 
valence affect additional deformation. The experimental 
program included oedometer tests to assess settlement 
behavior and SEM-EDX analyses to observe microstructural 
and chemical changes, providing a comprehensive 
understanding of the coupled effects of mechanical and osmotic 
compression. 

Di Maio [26] showed that the liquid limit decreases sharply up 
to 1 M electrolyte concentration, then levels off. Accordingly, 
salinity levels used in this study (pure water, 0.1 M, 0.25 M, 1 M, 
and 2 M) reflect this trend. NaCl solutions represent 
monovalent interactions, while CaCl₂ is used to assess valence 
effects. 

Water adsorption significantly influences the mechanical 
properties of clays [29], [32], [33], [34], [35], [36], [37], [38], 
[39]. For this reason, this study uses CL (low plasticity, 
kaolinite-rich) and CH (high plasticity, smectite-rich) clays to 
represent two distinct water retention behaviors (Table 1).  

To simulate soil behavior under saltwater intrusion, samples 
initially prepared with pure water were loaded to a specific 
stress level, then exposed to saline solutions to observe osmotic 
consolidation over time.  

In the final stage, SEM images were used to examine the 
microstructure of tested samples. The results revealed that 
osmotic compression can induce additional settlement beyond 
that from mechanical loading alone. 

The findings confirm that external loads and osmotic stresses 
must be considered together when assessing soil behavior. 
Osmotic compression was the dominant mechanism, but 
changes in fabric and bond formation also contributed to 
deformation.  

 

2 Material and Method 

2.1 Material  

To investigate the behavior of natural clays, low- and high-
plasticity samples were chosen. From a mineralogical 
perspective, these samples represent the characteristic 
behavior of clay soils dominated by smectite and kaolin group 
minerals. Based on the analysis results, the definition of the 
components (minerals) in the sample and the estimated 
proportional composition is shown in Table 1. 

Table 1: Mineral definition and estimation for high 
plasticity(H) and low plasticity(L) sample 

 Mineral Estimated 

Rate (%) 
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Feldspar 15-20 

Calcite 5-10 
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(C L
) Clay Mineral – Smectite Group Uncertain 

(Probably irregular) 

(Probably mixed layer) 

Clay Mineral – Kaolinite - 

Chlorite Group  

(Probably mixed layer) 

High 

Clay Mineral Illite – Mica Group Low 

Quartz 15-20 

Feldspar <5 

Atterberg limit tests (liquid limit and plasticity limit) (TS EN 
ISO 17892-12[40]), specific gravity tests (pycnometer test) (TS 
EN ISO 17892-3 [41]) and combined granulometry tests (TS EN 
ISO 17892-4[42]) were performed to determine the index 
properties of soil samples. The liquid limit is determined by the 
falling cone method. The test results are summarized in the 
table below (Table 2).  

Table 2: Summary of index parameters 

Sample High Plasticity 

Sample 

Low 

Plasticity 

Sample 

-No4 (%) 99 99 

-No270 (%) 98 98 

Specific Gravity 2.70 2.48 

Atterberg 

Limits 

PL 31 25 

LL 67 46 

PI 36 21 

Soil Classification CH CL 

The samples were prepared by kneading powdered natural clay 
with distilled water at liquid limit water content. Di Maio [26] 
demonstrated that the liquid limit of clays decreases sharply 
with an increase in electrolyte concentration up to 1M, and then 
decreases more gradually at concentrations above 1M. Based 
on this observation, saline solutions were selected to reflect the 
characteristic reduction in liquid limit under increasing 
electrolyte concentration. To evaluate both the ionic strength 
and valency effects on clay behavior, NaCl and CaCl₂ solutions 
were prepared at concentrations of 0.1 M, 0.25 M, 1 M, and 2 M. 

2.2 Method 

2.2.1 Oedometer Test 

Following TS EN ISO 17892-12 [43], samples prepared with 
pure water were subjected to different load levels (12.5, 50, and 
200 kPa), and their osmotic consolidation behavior was 
evaluated by replacing cell water with saline. 

Each sample was first saturated with distilled water in the 
consolidation cell and kept for 24 hours. Loading began the next 
day at 6.25 kPa and was gradually increased to the target level 
(12.5, 50, or 200 kPa). The load-deformation behavior was 
monitored for 1–3 days, depending on plasticity, until 
secondary compression was achieved. Once this stage was 
reached, the cell water was drained with a syringe and replaced 
with saline solution, and the initial water level was marked. To 
prevent evaporation, the cell was sealed with a flexible PVC 
sheet cut to fit the cell, with a central opening to allow 
movement of the loading arm. Despite these precautions, water 
levels were monitored continuously, and any loss was 
replenished with distilled water when necessary. 

Cα is defined as the slope of the linear tail of the deformation-
time curve after consolidation [44], [45], [46]. Since no specific 
standard exists for identifying this linear segment, each author 
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has proposed their own method based on their approach and 
the soil's water retention behavior. 

Wu et al. [47] preferred to wait at the loading stage until the 
deformation rate dropped below 0.01 mm/8h. For samples 
with liquid limits (LL) ranging from 48 to 67, a waiting period 
of 72 hours (3 days) was applied at each load stage to determine 
the linear portion of the graph. Deng et al. [48], on the other 
hand, conducted tests on samples with LL values between 62 
and 78, waiting at each load stage until the deformation rate fell 
to 0.01 mm/h. As these experiments were performed under 
high loads using specialized oedometer equipment, testing was 
terminated once the deformation rate stabilized at this 
threshold. Jiang et al. [49] examined the creep behavior of 
samples with LL values between 31 and 43, waiting at each load 
stage until the deformation rate decreased to 0.01 mm/24h, 
with each load stage lasting 72 hours (3 days). Di Maio et al. [50] 
utilized clay samples with LL values of 50, 110, and 390. For the 
LL = 50 (kaolin) sample, the loading process was terminated 
after 24 hours, whereas for the LL = 390 (bentonite) sample, 
load stages were extended up to 7 days. In a separate study, Di 
Maio [26] observed secondary compression in the LL = 390 
(bentonite) sample by waiting between 5 and 7 days at each 
load stage. To investigate osmotic consolidation, a saturated 
salt solution was introduced, and the settlement rate was 
monitored for 10 days at each load stage until it stabilized. 

Based on the studies outlined above, the recommended waiting 
periods at each load stage to observe secondary compression 
are as follows: 

LL<30  ⇨  24h 

30<LL<50  ⇨  48h 

50<LL<100  ⇨  72h - 96h 

100<LL<400  ⇨  120h -168h 

Loading times were determined in a similar manner. For the 
high-plasticity (CH) samples, each load stage lasted 3 days, 
while for the low-plasticity (CL) samples, the duration was 1 
day. This period continued until the settlement rate of the 
osmotic-compressed samples matched the secondary 
compression rate of the samples prepared with distilled water 
(approximately 0.01 mm/8h or less). As the solution density 
increased, the duration required to observe its effects extended 
to as long as 20,000 minutes (14 days). 

The experiment was concluded after confirming the completion 
of osmotic compression at the relevant load level, enabling 
analysis of fabric changes under load using scanning electron 
microscopy (SEM). Additionally, further experiments were 
conducted to study changes in void ratio (e) – logarithm of 
vertical stress (log p) plots after osmotic compression. For this 
purpose, the expected loading and unloading stages were 
performed after osmotic consolidation, marking the end of the 
experiment. 

Reference oedometer tests were performed on salt-treated 
samples. Loading was applied in seven stages from 6.25 to 
400 kPa, followed by unloading in four stages according to the 
1/4 rule, in compliance with TS EN ISO 17892-12 [43].  

2.2.2 Scanning Electron Microscope (SEM) and Energy 
Dispersive X-Ray (EDX) Analysis 

SEM images were acquired to observe fabric changes in 
specimens after oedometer tests, focusing on the effects of 
plasticity, salt molarity and valence, and external loading. The 
analysis concentrated on changes in tactoids (nm–μm scale 

clusters) and aggregates (μm-scale clusters). Since no 
significant changes were observed in platelet structures, high-
magnification imaging was not required.  

Additionally, energy-dispersive X-ray (EDX) analysis was 
conducted to determine the cation exchange adsorbed on the 
clay surfaces. Chemical quantitative analyses of the samples 
were also performed to supplement the SEM observations. 

Energy-dispersive X-ray (EDX) analysis was also conducted to 
assess cation exchange on the clay surfaces. After oedometer 
testing, specimens were fractured along the loading axis, and 
small fragments were extracted. These were coated with gold-
palladium (Au-Pd) to enhance image clarity. SEM images were 
obtained using a Jeol-JSM6510 microscope, and all analyses 
were carried out at the Central Laboratory of Bingöl University. 

3 Results and Discussion 

The osmotic compression coefficient provides a reference for 
comparing settlements due to osmotic effects with those from 
primary and secondary consolidation. The secondary 
compression coefficient (Cα) is typically defined as the slope of 
the linear segment of the deformation-time curve, over one 
logarithmic cycle after the end of primary consolidation (EOP, 
tP) [46], [51]. This definition allows for the derivation of 
comparable values for the secondary compression coefficient 
(Cα). As shown in Figure 1, the point where the slope of the 
osmotic compression curve equals or drops below the 
secondary compression slope (Cα) indicates the end of the 
osmotic process. This intersection is used to determine when 
equilibrium is reached under a given load. 

Similar to secondary compression, osmotic compression also 
continues at a decreasing rate over time. The osmotic 
compression coefficient (Cαₒₛₘ) is defined as the change in void 
ratio due to osmotic effects divided by the logarithmic change 
in time: Cαosm = ∆eosm ∆logt⁄ . 

In practice, osmotic compression is considered complete when 
three consecutive Cαₒₛₘ values are equal to or less than Cα. 
Figure 1 illustrates the trends of these coefficients and 
associated time-dependent deformations. The total mechanical 
compression (Δemech) is defined as the sum of consolidation 
(Δecons) and secondary compression (Δesec.comp): 
Δemech.=Δecons+Δesec.comp..  

Changes in pore water concentration affect interparticle forces 
and the thickness of the diffuse double layer (DDL). 
Overlapping DDLs act as semi-permeable membranes 
(allowing the passage of water while restricting the movement 
of ions), causing a molarity difference between free water and 
adsorbed water between clay platelets. This difference creates 
osmotic pressure, which alters the void ratio and leads to 
settlement known as osmotic compression[25].  

During this process, consolidation pressure aids in water 
removal from platelet surfaces until a new equilibrium is 
reached between external stress, osmotic forces, and repulsive 
interactions. 

EDX analysis showed that Na⁺ and Ca²⁺ concentrations in the 
clay increased with higher solution molarity and cation valency 
(Figure 6). This was accompanied by a corresponding increase 
in osmotic compression (Figure 3), confirming that the effects 
of ion adsorption and molarity gradients contribute 
significantly to the microscale consolidation mechanism. 

Osmotic compression increases with the molar concentration 
of the solution in cell for both high- and low-plasticity samples, 
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thereby contributing more to total settlement. However, its 
relative share within the overall deformation (mechanical + 
osmotic) diminishes as the applied load increases (Figure 2). 
Higher consolidation pressure reduces interplatelet volume 
rapidly, facilitating faster equilibration between free and 
adsorbed pore water. The dominant factor in osmotic 
compression is the thickness of the diffuse double layer (DDL). 
High-plasticity samples with thicker DDLs exhibit 2% to 38% 
osmotic compression, whereas low-plasticity samples, having 
thinner DDLs, show a significantly lower range (0.7%–7.4%). In 
fact, the osmotic effect is nearly absent in low-plasticity clays 
due to their limited DDL development.  

 

 

Figure 1: Appearance of time dependent deformation obtained 
from experiments for osmotic compression. 

For both high- and low-plasticity samples, osmotic 
compression increases with the molar concentration of the 
added solution, contributing more to total settlement. 
However, its proportion within the total deformation 
(mechanical + osmotic) decreases as the applied load increases 

(Figure 2). This is because higher consolidation pressures 
reduce interplatelet volume more rapidly, allowing pore water 
molarity to equilibrate sooner. The key factor controlling 
osmotic compression is the thickness of the diffuse double layer 
(DDL): high-plasticity samples, with thicker DDLs, show 
osmotic compression ranging from 2% to 38%, while low-
plasticity samples show a much lower range of 0.7% to 7.4%. In 
fact, the osmotic effect is nearly absent in low-plasticity 
samples due to their thin DDLs (Figure 2). 

Di Maio [26] examined high-plasticity montmorillonitic clays 
(LL = 320–400) and showed that exposing pore water to saline 
solutions could trigger transitional states causing substantial 
volume changes. At 320 kPa, osmotic compression exceeded 
mechanical compression, surpassing 100%. Di Maio et al. [8] 
used bentonite mixtures with varying montmorillonite content 
and observed approximately 10% osmotic compression even 
under 40 kPa load when using 0.6M, 1M, and saturated NaCl 
solutions.  

Thyagaraj and Rao [29] conducted studies on the swelling and 
compression of clays under osmotic effects. In their research, 
they prepared high plasticity clay (LL = 82) with maximum dry 
unit weight and worked with 4M NaCl solutions. At a load stage 
of 200 kPa, they observed approximately 9% osmotic 
compression. Many similar examples can be found. A common 
feature of the aforementioned studies is their demonstration 
that factors such as smectite mineral content, pore water 
concentration, and dielectric constant are highly decisive in 
osmotic compression. Alongside the studies summarized 
above, many other studies have reached similar conclusions. 
The obtained data are consistent with the findings of previous 
studies [8], [25], [26], [29], [52]. 

 
Figure 2: Comparison of mechanical compression and osmotic compression-induced void ratio variation for 

high plasticity sample for (a)12.5kPa, (b)200kPa load stages; low plasticity sample for (c)12.5kPa, (d)200kPa load stages. 

According to Barbour and Fredlund [25], osmotic compression 
is primarily governed by external load and pore water molarity. 
The removal of pore water driven by osmotic pressure and 
facilitated by external load is an integral part of this process. 

The most direct evidence of water removal due to osmotic 
effects is the textural change associated with the collapse of the 
diffuse double layer (DDL). Di Maio [26] compared SEM images 

of clay samples exposed to pure water and KCl, showing that 
the flame-like (evidence of an edge-to-face type fabric) seen in 
distilled water samples disappeared entirely after salt 
exposure. This shift toward face-to-face aggregation was 
attributed to DDL shrinkage. Similar textural transitions were 
observed in our study with increasing salinity and external 
loading (Figures 4 and 7).  
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Figure 3: Variation of void ratio with NaCl and CaCl2 solution molarity and consolidation pressure with osmotic effect for high and 

low plasticity samples [High plasticity samp. (a) NaCl sol. (b) CaCl2 sol.; Low plasticity samp. (c) NaCl sol. (d) CaCl2 sol.] 

From this perspective, the osmotic compression of high-
plasticity clay, with its greater water adsorption capacity, is 
expected to exceed that of low-plasticity clay. Similarly, 
solutions with higher molarity and valence are anticipated to 
cause greater compression. The data align with these 
expectations (Figure 3). However, while the highest 
compression is theoretically expected at 200 kPa consolidation 
pressure, the maximum compression for high-plasticity clay 
occurs at 50 kPa (Figure 3), which appears inconsistent with 
the mechanism proposed by Barbour and Fredlund [25] 

Figure 4(a) and (b) show the transformation from flame-like 
edge-to-face texture to a compact face-to-face structure as 
stress and molarity increase. For the CL sample, as seen in 
Figure 5, even 0.1 M CaCl₂ at 12.5 kPa is sufficient to eliminate 
microvoids and induce a sand-like appearance. 

Figure 4 shows that in high-plasticity clays treated with NaCl, 
microvoids decrease with increasing stress, yielding a denser 
and more homogeneous structure at 200 kPa. At 50 kPa, edge-
to-face aggregations (flame-like textures) and localized voids 
are still visible. Similarly, in CaCl₂-treated samples, the texture 
becomes void-free at 50 kPa, likely due to the rapid DDL 
collapse induced by divalent cations. These changes illustrate 
how salt type and load level jointly influence microstructural 
fabric. 

In NaCl-treated samples, flame-like textures persist at 50 kPa 
but diminish compared to 12.5 kPa. By 200 kPa, the texture 
shifts to a face-to-face configuration due to mechanical 
compression, reducing the osmotic effect. At low stress (12.5 
kPa), osmotic compression dominates, whereas at 50 kPa, both 
osmotic and mechanical deformations contribute. These 
observations highlight the limitations of interpreting osmotic 
behavior solely through microstructural changes.  

 
 

Figure 4: Variation of void ratio and soil fabric with 0.1M 
solutions and consolidation pressure with osmotic effect for 
high plasticity sample. [(a) 0.1M NaCl sol.; (b) 0.1M CaCl2 sol.] 

The higher compressibility observed at 50 kPa compared to 
200 kPa can be attributed to the osmotic mechanism. Under 
increasing load, equilibrium between free and adsorbed pore 
water molarities—separated by overlapping DDLs—is 
achieved more rapidly. At low loads (12.5 kPa), reduced 
mechanical compression limits this interaction. At 200 kPa, 
significant reduction in void ratio means less deformation is 
needed to reach molar balance, resulting in lower osmotic 
compression.  
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For the high-plasticity sample prepared with distilled water, 
the amount of deformation observed at 50 kPa was similar to 
that recorded at 12.5 kPa and 200 kPa. This suggests that the 
water volume between platelets—and thus the osmotic 
response—was at an intermediate level. Although the 
deformation required to establish equilibrium between the 
adsorbed and free pore water molarity corresponds to a 
volume range between 12.5 kPa and 200 kPa, the sample’s 
fabric at 50 kPa still exhibited edge-to-face aggregation. This 
may explain the higher compressibility and more favorable 
permeability compared to the 200 kPa sample, indicating a 
stronger osmotic effect. In contrast, for the CaCl2 solution 
sample, this mechanism was not observed beyond 50 kPa as it 
was completed in the 12.5 - 50 kPa load range. The compression 
due to osmotic consolidation between 50kPa and 200kPa is 
approximately equal for the same reason (Figure 4b). 

Many researchers studying osmotic compression have focused 
on high-plasticity clays with a high smectite content [25], [26], 
[29], [52], [53]. Studies conducted on low-plasticity kaolinitic 

clays are relatively limited; an example is the work by Di Maio 
et al.[50]. Di maio et al. [50] observed osmotic compression in 
low-plasticity clays to be negligible. They emphasized that 
smectite-group clays are one of the critical determinants of 
osmotic compression behavior. Our observations are 
consistent with the findings reported by the authors. 

In low plasticity samples, the sample texture rapidly changes 
from edge-to-face type to face-to-face type texture as the 
sample begins to interact with solutions of low molarity. The 
textural change that occurs when low plasticity clay samples 
are exposed to 0.1M NaCl and CaCl2 solutions at 12.5kPa load 
level can be seen in Figure 5. Due to the salt effect, the more 
limited flame-like or card pile type appearance in the texture 
disappears and changes towards a sand-like appearance. This 
change in appearance indicates that the DDL thickness of the 
low plasticity clay decreases rapidly and significantly. 
Therefore, the behavior of the sample exposed to the saline 
solution can no longer be explained by osmotic principles.  

 

 

Figure 5: Fabric changes of the low plasticity samples (a) prepared with pure water and (b) 0.1M NaCl solution and (c) 0.1M CaCl2 
solution added (12,5kPa load stage) 

 
Figure 6: Variation of % of Na+ and Ca+2 cation in weight (EDX data) with NaCl and CaCl2 solution molarity and consolidation 

pressure with osmotic effect for high and low plasticity samples [(a) High plasticity sample; (b) Low plasticity sample] 

 

As the valency increases, the negatively charged clay surface is 
expected to achieve charge balance through cation adsorption 
[37], [45]. As shown in Figure 6, Na+ and Ca+2 percentages 
increase with molarity. This ionic uptake correlates with the 
dense textures seen in Figure 7, confirming cation-induced DDL 

collapse. However, a valence effect could not be observed in the 
low-plasticity sample due to the reduced thickness of its diffuse 
double layer. In the high-plasticity sample, the valence effect 
was observed with slight variations up to a solution density of 
1 M. Conversely, the opposite trend was noted for the 2M 

12.5 50 200 12.5 50 200 12.5 50 200 12.5 50 200 12.5 50 200 12.5 50 200

kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa

Na %wt 0.96 0.96 0.96 1.97 1.19 1.16 1 1 1 Na %wt 0.38 0.38 0.38 0.39 0.43 0.37 0.4 0.4 0.4

Ca %wt 3 3 3 3 3 3 3.16 3.09 3.59 Ca %wt 0.42 0.42 0.42 0.4 0.4 0.4 0.61 0.53 0.64

12.5 50 200 12.5 50 200 12.5 50 200 12.5 50 200 12.5 50 200 12.5 50 200

kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa kPa
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solution. This phenomenon can be attributed to the rapid 
disappearance of micro-pores in the clay fabric of the sample 
treated with the 1M CaCl2 solution (Figure 7) 

 

 

 
Figure 7: Fabric changes of the high plasticity samples (a) prepared with pure water and (b) 1M NaCl solution and (c) 1M 

CaCl2 solution added (12,5kPa load stage); low plasticity samples (c) prepared with pure water and (d) 1M NaCl solution and (e) 1M 

CaCl2 solution added (12,5kPa load stage) 

 
Figure 8: Comparison of the deformation – time graphs of the samples NaCl added high plasticity samples. Osmotic and mechanical 

deformation comparisons (a)12.5kPa, (b)50kPa, (c) 200kPa and (d)osmotic deformation comparison for all load stages 

 

In saline-treated samples, salt diffuses into the clay from both 
ends, gradually increasing free pore water molarity. The 
molarity difference between free and adsorbed water across 
overlapping DDLs acts like a semi-permeable membrane, 
triggering outward water migration. This disrupts equilibrium 
between physicochemical forces, enhancing repulsion. 
Consolidation pressure facilitates water expulsion, reducing 

voids and increasing molarity until osmotic and mechanical 
forces reach balance, leading to settlement.  

This process disrupts the equilibrium between 
physicochemical repulsive and attractive forces, tilting the 
balance in favor of repulsive forces. The existing external load 
(consolidation pressure) facilitates the leakage of adsorbed 
water, reducing the interparticle distance. Consequently, the 
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volume of adsorbed water decreases while its molar 
concentration increases. This sequence of events characterizes 
osmotic settlement. The reduction in void ratio (settlement) 
ceases when molar concentrations equilibrate, and the 
compressive forces reach a level sufficient to counteract the 
applied consolidation pressure, thereby establishing 
equilibrium between compressive and tensile forces [25]. 

Although pure water-treated samples exhibit higher 

compressibility, additional settlement occurs in saline samples 

due to osmotic compression. As illustrated in Figure 8, the 

strain of samples prepared using a solution and distilled water 

at low molar concentrations increases under applied loading; 

however, the resulting compression magnitudes are notably 

similar. Conversely, the difference in compression between the 

samples prepared with pure water and those with a solution 

closely aligns with the magnitude of osmotic compression. 

These findings underline the dominance of osmotic 

compression in total settlement, with mechanical compression 

contributing less. Salt exposure, combined with external 

loading, leads to face-to-face aggregation and reduced 

compressibility. This structural transition suggests that 

subsequent e–log p curves may shift upward due to a stiffer 

post-osmotic fabric.  

The void ratio decreases, and the clay fabric undergoes 
transformation due to the influence of salt, until equilibrium 
between the repulsive and attractive forces is achieved under 
consolidation pressure. Under the combined effects of salt and 
consolidation pressure, face-to-face aggregation becomes more 
pronounced, resulting in a fabric that is less compressible. The 
less deformable nature of this new fabric following osmotic 
compression suggests that subsequent (e;logp) data points are 
likely to appear above the original e-logp line as loading 
progresses. 

Figure 9 shows a distinct upward shift in the e-logp curve of the 
sample exposed to saline solution compared to the control. The 
observed shift in the e-logp relationship for samples 
transitioning to saline cell water aligns with theoretical 
expectations. The clay sample, whose structure is altered under 
the influence of salt, exhibits a new e-logp trajectory as loading 
continues (Figure 9). Notably, the e-logp curves for clay 
subjected to osmotic effects differ in orientation and character 
in subsequent consolidation stages when compared to the 
initial curve. The resulting consolidation path diverges from the 
initial trend, as also reported by Barbour [54] and Di Maio [26]. 

 

 
Figure 9: Osmotic effect of leaking salt solutions on void ratio – vertical stress (e-logp) graphs and clay fabric (200kPa load range) 

4 Conclusions 

Many aspects highlighted in previous studies remain relevant 
in our research. In osmotic compression, factors such as the 
clay's smectite mineral content, pore water molarity, and 
dielectric constant values play a decisive role. Additionally, the 
balance of external and internal stresses is also identified as a 
critical determinant for osmotic compression.  

The change in void ratio in the osmotic compression process is 
permanent as long as the internal and external load balances do 
not change. While the osmotic compression mechanism is a key 
determinant, it also leads to the formation of new bonds 
through fabric changes, with mechanical forces contributing to 
the load transfer mechanism. These additional settlements are 
considerable when compared to those caused solely by 
mechanical compression.  

Furthermore, the mechanical compression resulting from 
consolidation pressure during osmotic compression serves a 

dual role. It reduces the relative contribution of osmotic 
compression to total compression while simultaneously 
enhancing the compression induced by the osmotic effect. 

In conclusion, the findings underscore the importance of 
considering external loads in future studies addressing osmotic 
consolidation to better understand the interplay between these 
factors. 
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